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Abstract 

Some vectorlike quarks are added to the Higgs triplet model with the motivation of fitting the 
recent Higgs boson data released by LHC and Tevatron collaborations. These vector-like quarks 
can suppress the cross section of gg — > h sizably, while the charged scalars, especially for the doubly 
charged scalar, can enhance Br{h — > 77) more sizably. Besides, the Higgs couplings to WW, ZZ 
and light fermions can be the same as their SM values. Thus, the model will enhance the Higgs 
production rates into 77 and ,7,777, while those for WW*, ZZ* and rf at the LHC are reduced 
relative to their SM predictions. The Higgs production rate into Vbb at the Tevatron is the same 
as the SM prediction. 
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I. INTRODUCTION 



The hint of a Higgs particle around 125 GeV revealed earlier by the ATLAS and CMS 

nn n 

experiments |lH4|, has now become an indisputable discovery [5j, which is supported by 
the data from the Tevatron collider experiments [6]. Although the present results of all 
the search channels have large uncertainty, all measured 77 rates have central values above 
the standard model (SM) prediction, and all the WW* rates have central values below the 



SM prediction [§, Ere)]. 'The observation of the channel .7.7 — \ with // — > bb at the 
Tevatron disfavors the scenarios in which the Higgs couplings to gauge bosons and bottom 
quarks are significantly reduced with respect to their SM values 10]. Ref. [ll| performed a 
phenomenological fit to the new ATLAS, CMS, CDF and DO Higgs boson data, and found 
that the present data favor a reduction of gg — > h rate and an enhancement of h — > 77 rate. 

In this paper, we introduce some vector-like quarks in the framework of Higgs triplet 
model (HTM) with the motivation of obtaining a Higgs boson with the properties mentioned 
above. The HTM which we will study contains a complex doublet Higgs field and a complex 



triplet Higgs field with hypercharge Y = 2 



12]. Several physical Higgs bosons remain after 



the spontaneous symmetry breaking, including two CP-even (h and H), one CP-odd (A), 
one charged (H ) and one doubly charged Higgs scalars (if ±=t ). We will take h as a purely 
SM-like Higgs with around 125 GeV mass, and its couplings to WW, ZZ and light fermions 
nearly equal to their SM values, which can fit the Vbb rate measured at the Tevatron 
relatively well. The rate of gg — > h is sizably suppressed by the vector-like quarks while the 
Br(h — » 77) is more sizably enhanced by the singly and doubly charged scalars. The LHC 



Higgs diphoton signal has been studied in the original HTM 
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141 ] . The recent Higgs data 



has been discussed in various extensions of the SM, such as the minimal supersymmetric 
standard model (MSSM) 15], the next-to-MSSM 16], the inert Higgs doublet model jl?] ]. 



the two Higgs doublet model [18|, [19(, the little Higgs models |20j, the models with extra 
dimension 21] and the models with the universal varying Yukawa couplings {22]]. 

This work is organized as follows. In Sec. II, we briefly review the Higgs triplet model 
and then introduce some vector-like quarks. In Sec. Ill, we discuss the gg — )■ h rate and 
branching ratio of h — > 77. In Sec. IV, we calculate the Higgs production rates at the LHC 
and Tevatron. Finally, we give our conclusion in Sec. V. 



2 



II. THE HIGGS TRIPLET MODEL WITH VECTOR-LIKE QUARK 



In the HTM, a complex SU(2)l triplet scalar field A with Y = 2 is added to the SM 
Lagrangian in addition to the doublet field These fields can be written as 



5° -5+/V2 
The renormalizable scalar potential can be written as 

V = -m|$ t $ + ^($ t $) 2 + MiTr(A t A) + A 1 ($ t $)Tr(A t A) (2) 
+ A 2 (TrA t A) 2 + A 3 Tr(A t A) 2 + A 4 $ t AA t $ + [^($ T ir 2 A+$) + h.c.}. 

The Higgs doublet and triplet field can acquire vacuum expectation values 



(A) = —7= (3) 





with = v\ + 4uf « (246 GeV) 2 . 

In the HTM, there are seven physical Higgs bosons, including two CP-even [h and H), 
one CP-odd (A), one charged {H^) and one doubly charged Higgs scalars (H ±:L ). The scalar 
potential contains seven independent parameters: A, Aj=i...4, \x and Vt- Since the experimental 
value of the p parameter is near unity, v%/vf is required to be much smaller than unity at tree- 
level, which can produce naturally a very small neutrino mass for Yukwawa coupling of order 
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231 ] . The perturbative unitarity and potential boundedness can give strong constraints on 



these parameters. Refer to [13J, we take 

v t = fi = lGeV, A = 0.516, < A x < 10, 

A 3 = 2A 2 = 0.2, -2 < A 4 < 1. (4) 

For such parameter space, the seven Higgs masses can be given as 

m 2 h ~ ±v 2 d ~ (125 GeV) 2 , 



2v t 

2 V2~{*vj - Kvjvt - 2X 3 vf 

m H ±± - 



m\ ± = [Vd ' — L — * m'U + '-jvl (5) 



2v t 

+ 2f 2 )[2 v / 2/i - \ 4 vt] 2 A 4 2 



Where we take // = Vt in order to make h to be a purely SM-like Higgs boson, for which the 
mixing of h and H is nearly absent. The cosine value of the mixing angle is always larger 
than 0.996 for the parameter space shown in Eq. (jll). A = 0.516 determines the mass of h 
to be around 125 GeV. When /i is much less than v t , h and H have large mixing. The H 
can be even as a purely SM-like Higgs boson for enough small /i jl3jj . However, the large fi 
can enhance the masses of H + and H ++ , which will suppress their contributions to h — > 77 
sizably. 

The scalar potential term in Eq. ([2]) contains the SM-like Higgs boson coupling to the 
charged scalars fl3^ . 



9hH++H~ 



9hH+H~ 



■(Ai + 



(6) 



Now we add some vector-like quarks to the HTM. When a unique additional vector-like 
multiplet are introduced to the SM Lagrangian, the cross section of gg — > h will be increased 
or slightly decreased relatively to the SM prediction since the physical signs of the Yukawa 
couplings are identical for the top quark and extra quark. Ref. 24| proposed a minimal 
scenario in which the cross section of gg — > h can be strongly suppressed. Following the 
approach in ref. {2^], we introduce the doublet (g 5 /3,t')^ R , the singlet t'[ and t R in addition 
to the SM-like fields. Where the L/R represents the fermion chirality and ^5/3 is an exotic 
quark with the electric charge 5/3. Their Yukawa interactions with the doublet Higgs field 
can be written as 



L \ / L \ / L/R 



®t" R/L + y 




Q5/3 



+ ft I *j $ b R + mi" L t R + m'y^ j ^ I +m"i'[t' R + h.c, (7) 

where $ = ia 2 ^* . After EWSB takes place, the Lagrangian (GO) gives rise to the top mass 
matrix: 



t 
f 

V 4 "/ 



V 



/ 



t' 

V 4 "/ 



+ h.c. 



(8) 



( yv/V2 yv/y/2 
y'v/V2 mf y"v/V2 
m y"v j v2 m" 

The Yukawa coupling y" sign of top partner t' and t" can be taken independently of the top 
quark Yukawa coupling y sign in order to generate destructive interferences between the top 



R 



quark and top parter contributions to gg — > h. After diagonalizing the mass matrix, we can 
get the mass eigenstates t, t\ and £2 as well as their couplings with the Higgs boson. The 
exotic quark g 5 / 3 has no the coupling to h at tree- level. 

The triplet Higgs field A can mediate the interactions between the right-handed doublet 
quark field with Y = 7/3 and the left-handed doublet quark field with Y = 1/3. These 
interactions affect hardly the h production rates since the mixing angle between h and H is 
taken as very small in order to make h to be a purely SM-like Higgs. In the same way, the 
h couplings to the gauge bosons and light fermions equal to their SM values nearly. 



III. gg -)• h AND h ->■ 77 

In the SM, the main production processes of Higgs boson at the LHC include gluon- 
gluon fusion (gg — > h), vector-boson fusion (VBF) and associated production with W and 



Z bosons (Vh). Their cross sections are respectively 25] 



a(gg -+ h) = (15.3 ± 2.6) pb, a(pp jjh) = 1.2 pb 

cr(pp -> Wh) = 0.57 pb, <r(pp ->■ Zh) = 0.32 pb. (9) 

Compared with SM, as a purely SM-like Higgs with 125 GeV mass, only h <H- gg and h — > 77 
at one-loop are modified in the HTM with vector-like quark (HTMVQ), and the rates for 
other processes at tree-level are the same as the SM predictions. 



A. The cross section of gg — > h 

At the LHC the cross section of the single Higgs production via gluon-gluon fusion can 
be given, 

&(gg ^h) = T / —f g {x, i4)f g (—, ^ 2 F )o{gg ->■ h) with 

J TO X X 

a{gg^h) = T{h^gg)^ 1 (10) 



where To = -j" with yfs being the center-of-mass energy of the LHC and f g (x, fi 2 F ) is 
the parton distributions of gluon. The Eq. ( !T0|) shows that the u(gg — > h) has a strong 
correlation with the decay width T(h — > gg). 
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In the SM, T(h—> gg) is dominated by top quark loop. The HTMVQ gives the corrections 
via the modified couplings hti and the loops of top partner t\ and £2- in the HTMVQ, 
T(h — > gg) can be written as [26 1 

2 



r(/> gg) 



a 2 s m\ 



1287T 3 W 2 



ytF 1/2 (rt) + y tl Fi/2(r tl ) + t/i 2 F 1/2 (r t2 



4m 2 , 



where Tf = —j-. The expression of F1/2 is given in Eq. ( fT4"l) . 



(11) 
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TABLE I: The several points for R gg ~ 0.2, 0.3, 0.5, 0.6, and 0.8. In addition to the parameters 
shown above, we take m = GeV, m" = 1000 GeV, = 125 GeV and require rrit — 172.5 GeV. 
Vf = ^J9hff with 9hff bein g the coupling constant of hff. a ht2 ^ bW ~ bW and <Jt 2 t 2 ^tziz represent 
a(pp — > tiii) x Br 2 (t\ — > bW) and a(pp — > tiii) x Br 2 (t\ — > tZ) , respectively. 

In Table HI we list several points for R gg = ^gg^^M ~ ^'^ anc ^ res P ec " 

tively. The top partner ti mainly decays into th, tZ and bW. The CMS experiments at 



the LHC have released the results of their searches for vector-like quark, and give the upper 
bounds of a(pp Mi) x Br 2 {t x -»■ bW) and cr(pp -»■ Mi) x 5r 2 (ti The HTMVQ 

predictions and LHC upper bounds for these rates are given in Table [0 a{pp — > Mi) is 



calculated with the HATHOR program 



2jj at NNLO. The cross section of t 2 t 2 at the LHC 



can be severely suppressed by the large mass (over 1 TeV), which can be free from the con- 
straints of LHC direct searches experiments. From Table [U we see that, being in agreement 
with the experimental constraints of LHC direct searches for t\ and t 2 , the two vector-like 
top partners can suppress the cross section of gg — > h sizably, and the cross section can be 
reduced by a factor of 0.2. The reduced top Yukawa coupling and the opposite sign between 
the Yukawa couplings of top and ti are responsible for the suppression of cr(gg — > h). 



B. the branching ratio of h — > 77 

In the SM, the decay h — > 77 is dominated by the W loop which can interfere destructively 
with the subdominant top quark loop. In the HTMVQ, the singly charged scalar H , the 
doubly charged scalar H ±:iz , top partner t\ and t 2 will give the additional contributions to 



the decay width Y{h — )■ 77), which can be expressed as 



26) 



2 ^ 
\ ami 

where 



Fi(t w ) + J2N c fQ 2 f y f F 1/2 (r f ) + g H± F (r H ±) + Ag H±± F (r H , 



2 

GL2) 



Am 2 w 4m 2 H± 4m|±± 

T~W — o ? T H ± — 2— , T H ±± — 2 ) 

m h m h m h 

9h± ~ ~ 2m 2 H± 9hH+H ~' 9h±± ~ ~2m 2 H±± 9hH++H ~" ^ ' 

N c f, Qf are the color factor and the electric charge respectively for fermion / running in 
the loop. The dimensionless loop factors for particles of spin given in the subscript are: 

F 1 = 2 + 3r + 3r(2-r)/(r), F 1/2 = -2r[l + (1 - r)/(r)], F = r[l - r/(r)], (14) 

with 

f [sin-^l/v^)] 2 , r > 1 

f(r) = { [ WV h ~ (15) 

[ -j[Hv+/v-) -w} 2 , t < 1 

where r]± — 1 ± y/1 — r. 
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FIG. 1: i? 77 versus m#±± for R gg = 0.3, 0.5 and 0.8, respectively. The numbers on the curves 
denote the coupling constant Ai. 

Because if ±=t has an electric charge of ±2, the if ±=t contributions are enhanced by a 
relative factor 4 in the amplitude, which can further help if ±=t contributions dominate over 
the other particle contributions. The sign of the if ± and if ±=t contributions are respectively 
determined by g ± and g ±± which are proportional to Ai and Ai + 4f- F° r ^i an d Ai + 4f 
are positive, the if ± and if ±=t contributions are constructive each other, but destructively 
with the contribution of W boson. The masses of if ± and if ±=t are respectively determined 
by A 4 from Eq. ©, and vary in the range of 165 GeV ~ 270 GeV and 110 GeV ~ 320 GeV 
for the parameter space taken in Eq. (j3J). Recently, CMS presents the lower bound of 313 
GeV on H ±=t mass from the searches for H ±i: decaying leptonically 30] . In this model, the 



13|- 



limit can be reduced to 100 GeV since H ±±L will also decay into W ± W ± * and H ± W ± * 
LEP searches for both charged and neutral scalars give severe constraints on the possible 
existence of light scalars 31] . A conservative lower bound on m#± should be larger than 
100 GeV due to the absence of non-SM events at LEP. 

The widths of h decay modes at tree-level are the same both in the HTMVQ and SM. 
The branching ratio of h — > 77 in the HTMVQ normalized to the SM prediction can be 
defined as 



Br(h -> 77 ) SM T(h ->■ 77 ) SM ' 
The top quark, top partner t\ and t 2 contributions depend on the parameters shown in Table 
HI We take the three points Bl, CI and El, and plot i? 77 versus m H ±± for R gg = 0.3, 0.5 and 
0.8 in Fig. [TJ respectively. The H ± mass can be determined by m#±± from the Eq. (J5]) and 



8 




03 g 4 05 00 7 oa os j 110 120 130 140 150 160 170 180 165 170 175 180 185 190 195 

X 4 ">„„ (GcV) m H *(GeV) 



FIG. 2: For R gg = 0.3 and 0.5, scatter plots for (Ai, A4), (Ai, mjj±±) and (Ai, m H ±). i? 77 = 2.0 
for triangles (pink), i? 77 = 3.0 for crosses (red), i? 77 = 3.5 for bullets (blue) and i? 77 = 4.0 for 
circles (black), respectively. 

there are the small mass splitting between H ± and if ±=t . For the small m#±±, the if ±=t and 
if ± contributions are very large and dominant over the other particle contributions, which 
leads that i? 77 reaches 0{1Q 1 ) and is not sensitive to R gg . With the increasing of m H ±±, 
if ±=t and H^ 1 contributions become small and have the severely destructive interference 
with other particle contributions, which leads -R 77 to be much smaller than 1. Because the 
coupling constants of /iif ±± if =F=F and hH ± H T increase with Ai, the large Ai can enhance 
sizably the value of _R 77 for the small m#±±. 

In Fig. El we scan the parameter space shown in Eq. (jlj), and give (Ai, A4), (Ai, m H ±±) 
and (Ai, m^±) for which i? 77 equals to 2.0, 3.0, 3.5 and 4.0, respectively. We only take 
R gg = 0.3 and 0.5 since _R 77 is not sensitive to R gg , i.e. the contributions of top quark and 
top partners, as long as i? 77 is much larger than 1. We stress that A4, m#±± and m#± are 
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dependent each other according to Eq. fl5]). Fig. [2] shows again is not sensitive to R gg 
when i? 77 is much larger than 1. i? 77 > 2.0 favors Ai > 4.0, A4 > 0.3, m H ±± < 180 GeV and 
m H ± < 195 GeV, where the charged scalars masses can be in agreement with the current 
experimental data of LHC and LEP. 



IV. THE HIGGS BOSON PRODUCTION RATES AT LHC AND TEVATRON 

In Table [TTJ we list the Higgs boson production rates normalized to the SM predictions 
for several values of R gg and i? 77 , and compare them with the corresponding measured 
values at the LHC and Tevatron. The measured ,7,777 rate at CMS favors _R 77 in the range 
of 1.0 and 3.5 since the Higgs cross section in VBF production are the same both in the 
HTMVQ and SM. For R gg = 0.2, the 77 rate is slightly enhanced. For R gg > 0.6, the rf 
rate is outside the range of la of CMS measured value. R gg = 0.5 and _R 77 = 3.0 can fit the 
measured Higgs rates at the LHC and Tevatron relatively well, for which the 77 and WW* 
rates are respectively between the central values of CMS and ATLAS. Besides, the Higgs 
boson in the HTMVQ has two typical properties: (i) For the signals VV* (V = W, Z), 
tt and bb, the Higgs production rates normalized to their SM values are the same; (ii) 
a(pp — > Vh) x Br{h — > bb) at the LHC and a(pp — > Vh) x Brih — > bb) at the Tevatron are 
the same as their SM predictions, respectively. 

The LHC diphoton Hi ggs signal can be well matched in many new physics models, such 
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as the original HTM 
doublet model (2HDMH) 
of fermions (SCFM) 



14l | . inert Higgs doublet model (IHDM) [17j, Type-II two-Higgs 
19| . and the model with universal suppression of Yukawa couplings 
22j. For the HTM and IHDM, the new charged scalars can enhance 
the decay width of h — > 77 sizably. For the SCFM, the suppressions of hbb and hti couplings 
can reduce the total Higgs decay width and Higgs production cross section via gluon-gluon 
fusion. For the 2HDMII, the new charged scalars and the modified Higgs couplings to SM 
particles can give the corrections to the LHC diphoton Higgs rate. However, compared to 
the SM predictions, for the LHC diphoton Higgs rate is enhanced, the Higgs production rate 
into WW* at the LHC is hardly suppressed for the HTM, IHDM and 2HDMII. The Higgs 
production rate into Vbb at the Tevatron is always suppressed for the SCFM. These are 
disfavored by the recent LHC and Tevatron Higgs data. In the HTMVQ, only the processes 
h -H- gg and h — > 77 at one-loop are respectively suppressed and enhanced by the virtual 
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TABLE II: In HTMVQ, the Higgs boson production rates normalized to the SM predictions for 
several values of R gg and i? 77 . The corresponding measured values at the LHC and Tevatron are 
given in the last line. 

contributions of the vector-like quarks and charged scalars, and the rates for other processes 
at tree-level are the same as the SM predictions, which is favored by the recent LHC and 
Tevatron Higgs data. Alternatively, one can introduce the charged and colored scalars or 
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vector bosons to suppress h -H- gg and enhance h — > 77, which is studied in ref. 32]. 

To get the minimal scenario with only additional vector-like quark multiplets including 
t' components able to strongly suppress the Higgs production via gluon-gluon fusion, an 
SU(2)l doublet is introduced to the HTMVQ, which contains the top partner t' and an 
exotic quark with the electric charge 5/3. The exotic quark is harmless in the parameter 
fitting since it has no coupling to h at tree-level. The null results from experimental searches 
for fractionally charged heavy baryons or mesons suggest that the charges of any color triplet 
quarks should be quantized as Q = | + integer [33|, which implies Q = 5/3 is the smallest 



charge greater than the conventional 2/3. The exotic c 
also predicted in the model with SU(7) gauge group ; 



uark with the electric charge 5/3 is 



34j and the model with a left-right 



custodial parity invariance of the electroweak symmetry breaking sector [35j, respectively. 



V. CONCLUSION 



In the framework of Higgs triplet model, we introduce some vector-like quarks in order 
to explain the recent Higgs boson data released by LHC and Tevatron collaborations. Com- 
pared with the SM, only the processes h -h- gg and h — > 77 at one-loop are modified in 
this model. The cross section of gg — >■ h can be sizably suppressed by top partners while 
Br(h 77) can be more sizably enhanced by the singly and doubly charged scalars. There- 
fore, the model will enhance the Higgs production rates into 77 and jjjj, and those for 
WW*, ZZ* and rf at the LHC are reduced with respect to their SM values. The Higgs 
production rate into Vbb at the Tevatron is the same as the SM value. We find that the 
measured Higgs rates at the LHC and Tevatron favor 2.0 < -R 77 < 3.5 and disfavor R gg < 
0.2 or R gg > 0.6. R gg = 0.5 and i? 77 = 3.0 can fit the measured Higgs rates at the LHC 
and Tevatron relatively well, for which the 77 and WW* rates are respectively between the 
central values of CMS and ATLAS. 
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